We report observations and origins of Ga-rich GaGe droplets and the localized etching of Ge-rich GaGe thin films grown on GaAs 
Introduction
The epitaxial growth of III-V arsenide/antimonide quantum dots (QDs) via converting pre-deposited metal droplets, e.g., Ga droplets on a ZnSe substrate, 1 under arsenic and/or antimony flux, so-called droplet epitaxy (DEPI), was discovered two decades ago. 1, 2 This method, being different from the conventional Stranski-Krastanov growth mechanism where a lattice mismatch between the growing materials and the template/substrate is generally required and the grown structures are basically limited to QDs, 3, 4 provides additional freedom for fabricating quantum structures, e.g., quantum rings and concentric multiple quantum rings. [5] [6] [7] [8] [9] [10] The metal droplets, when heated without the presence of group V reaction species, induce backward melting of the template, which, followed by thermal evaporation of the remaining metal atoms of the droplets, leads to the formation of holes in the template. This process, so-called droplet etching (DETC) or drilling, has emerged and has been extensively studied in the past ten years. [11] [12] [13] [14] [15] [16] The combination of DEPI and DETC has created a facile nanotechnology for fabricating various functional structures towards practical applications in optical and optoelectronic devices. [17] [18] [19] [20] [21] A careful literature survey shows that although DEPI and DETC studies are dominated by molecular beam epitaxy (MBE), explorations of DEPI by using metalorganic chemical vapor deposition (MOCVD) have started soon after MBE; 22, 23 nevertheless, these studies are generally limited to III-V materials. 2, [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] In comparison, DEPI and DETC studies on hetero-substrates are much fewer in the literature although heterogeneous material integrations, 1, 23 e.g., III-V-on-Si/Ge, are highly desired for electrical and optoelectronic applications such as bipolar transistors, 24 tandem solar cells, [25] [26] [27] broadband photodetectors, 28 etc. 23, [29] [30] [31] [32] Recent developments in surface plasmonics and metamaterials have seen many new applications of combining metallic nanoparticles and semiconductors in various configurations to enhance light absorption and/or scattering. [33] [34] [35] [36] For this purpose, both unintentional surface V-shaped defects (i.e., V-pits) and intentionally patterned V-shaped holes in semiconductors have been employed for locating metal dots to enhance their surrounding optical near-field so as to couple into the active regions embedded in the semiconductor structures. 35, 37 Here, we demonstrate a novel mechanism for creating Ga droplets on GaGe thin films epitaxially grown by MOCVD on lattice-matched GaAs (100) substrates; by tuning the Ga composition (i.e., via adjusting the flow rate ratio of Ga/Ge precursors) and the growth temperature, dot, dot-in-hole, and hole structures are well created in the GaGe thin films due to the finite solubility of Ga atoms in the crystalline Ge matrix and vice versa. [38] [39] [40] [41] Enhanced Raman scattering (ERS) of the Ge-Ge lattice vibrational mode has been observed at the ringlike walls around the droplet-structured areas as well as in the holes. The mechanism for the observed droplet-induced structures is dedicatedly discussed based on growth kinetics. Three-dimensional finite-difference time-domain (FDTD) simulations have also been carried out to interpret the ERS mechanism. The grown structures are of great consequence in studies and application of the electrical and optoelectronic properties of GaGe thin films.
Experimental procedure
A horizontal low-pressure MOCVD reactor (Aixtron 200/4) was employed for the epitaxial growth of GaGe-on-GaAs and the general growth procedures can be found in our earlier publications. 42, 43 Trimethylgallium (TMGa), tertiary-butylarsine (TBAs), and germane (GeH 4 ) were used as the Ga, Ge, and As precursors, respectively. Highly purified H 2 , through a heated palladium cell, was used as the carrier gas and the chamber pressure was set at 10 kPa during growth. For the GaGe thin film growth, the flow rates of the Ga and Ge precursors were set at 5.6 × 10 −6 and 9.2 × 10 −4 mol min −1 , respectively. The GaAs (100) substrates were cleaned for 10 seconds in a diluted HF solution (10%), followed by a sequence of three 5 minute ultrasonication processes in acetone, isopropenyl acetylene, and deionized water. Before starting the GaGe growth, the GaAs substrate was heated to 600°C and kept at this temperature for 5 minutes under TBAs flow, so that potential residual oxides can be completely removed. After heat treatment, a GaAs buffer layer about 100 nm thick is usually grown by feeding TMGa to obtain an atomically smooth surface. At the end of the buffer growth, feeding of TMGa was stopped and the substrate temperature was ramped to the target growth temperature T G (in the range of 550 to 630°C). The growth of GaGe was started once T G was reached by stopping the supply of TBAs and feeding TMGa and GeH 4 . The nominal thickness of the GaGe thin films, controlled by the growth time that depends on T G , is 1.0 μm in this study.
The grown GaGe thin films were characterized by using various techniques including atomic force microscopy (AFM), scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDX), high-resolution X-ray diffraction (HRXRD), room-temperature Raman scattering, Hall-effect measurement, etc. For the Raman scattering, a confocal micro-Raman system (Witec alpha 300) in a backscattering configuration was used, which has the advantage of being able to carry out high-resolution mappings. The 532 nm line of an argon-ion laser was used as the excitation source, for which the beam size on the sample surface can be focused to ∼0.9 μm diameter when a high-magnification objective lens is used (i.e., ×100). from GaGe thin films (∼1.0 μm thick) grown at T G = 550, 600, and 630°C, respectively. Fig. 1(d) plots the densities of the surficial features as a function of the growth temperatures. The densities were accounted for by averaging several samples grown under the same conditions and by using various microscopic techniques such as SEM and optical photography depending on the densities (see, e.g., Fig. 3 and S1 in the ESI †). Dots, dot-in-holes, and holes are clearly seen in Fig. 1(a)-(c) , respectively. The dots, either on the film surface or concentric in the holes, exhibit round boundaries at the bases (i.e., the triple line of droplets) while the holes have a square opening on the surface, surrounded by walls higher than the film surface at the areas away from the features. Fig. 2 shows more details of the surface structures. Shown in Fig. 2(a) are the line traces across the structures shown in Fig. 2 
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(b)-(d).
One sees that when T G is increased from 550 to 630°C while keeping the other growth conditions constant, the observed structures gradually develop from dots through dot-in-holes to empty holes. substrate. The epitaxial growth of the GaGe thin films has further been confirmed by HRXRD and Raman scattering characterization (see ESI † Fig. S2 ). The small full-width at half-maximum (FWHM) values (≤18 arcsec) of the HRXRD Ge (004) rocking curves as well as the clear fringes of the θ-2θ scans are indicative of the high crystal quality of the GaGe thin films and a smooth interface of GaGe-on-GaAs. The downward shift (i.e., softening) of the Ge-Ge lattice vibrational mode to ∼291.2 cm −1 from that of bulk Ge at ∼298.2 cm −1 is mainly caused by an alloying of Ga atoms, which is commonly observed in semiconductor alloys. [44] [45] [46] It should be noted that the lattice strain built in the GaGe thin films is in the range of ε xx = −850 ppm as measured by reciprocal space mapping (see ESI † Fig. S3 ). This amount of strain would cause an upward shift (i.e., mode hardening) of less than 0.5 cm −1 for the Ge-Ge mode. 44, 45 The Arrhenius plot in Fig. 1 (d) yields a density-related characteristic energy of E N = 2.85 eV, which is much larger than those of Ga droplets deposited on Si and GaAs substrates-in the range of 0.50-0.76 eV-but quite close to that of In droplets deposited on a GaAs substrate (2.21 eV).
15,37 A root-mean-square roughness analysis at the areas away from the features reveals a surface roughness of 0.7-2.3 nm for the as-grown GaGe thin films while EDX analyses at these planar regions reveal that the Ga composition monotonically increases with growth temperature, which is 5.2, 5.6, and 5.8 at% for the GaGe thin films grown at T G = 550, 600, and 630°C , respectively. 43 An Arrhenius plot of the Ga compositions (see ESI † Fig. S4 ) yields an activation energy of 87 meV for Ga atoms to incorporate into the GaGe thin films. This value is much smaller than the density-related characteristic energy (i.e., E N = 2.85 eV) obtained from the Arrhenius plot in Fig. 1(d) ; it is also much smaller than the activation energy of evaporation from elemental Ga (2.9 eV). 47 These comparisons indicate the presence of liquid Ga and/or Ga-rich GaGe liquid on the growing surface and the alloying process of GaGe thus occurs directly from the surficial liquid rather than controlled by surface diffusion during growth. 47, 48 On the other hand, the desorption rate of surficial Ga is faster at higher T G , i.e., with an activation energy of 2.9 eV. 47 In this regard, the increased alloy compositions of Ga in the grown GaGe thin films must originate from a more significantly increased pyrolytic decomposition of TMGa than that of GeH 4 at higher temperatures, which is consistent with the increased growth rates at higher temperatures in the studied temperature range. 42, 43, 49 The formation of liquid Ga on the growing surface of GaGe, completely different from those of pure metal deposition in conventional DEPI and DETC techniques, is most likely due to atomic surface segregation and phase separation because of the low solubility of Ga in Ge and the finite solubility of Ge and Ga. [38] [39] [40] [41] Since the maximum solubility of Ga atoms in Ge is about 1.1 at%, 40 a TMGa/GeH 4 precursor ratio that produces more than 1.1 at% Ga on the growing surface could lead to a phase separation between Ga-rich and Ge-rich GaGe. The former is in liquid while the latter is in solid phase at the studied growth temperatures (550-630°C). The liquid phase Ga-rich GaGe tends to segregate onto the growing surface while the Ge-rich GaGe contributes to the growth of the solid thin films. 47, 48, 50 As a consequence, Ga-rich droplets stem from clustering and coalescence of the accumulating Ga-rich GaGe on the growing surface of the Ge-rich GaGe thin films. 51, 52 It is worth noting that the Ga compositions of 5.2-5.8 at% as probed by EDX in the epitaxial GaGe thin films are much larger than the solid solubility of Ga in Ge (1.1 at%). 40 This is not surprising since the solid solubility was determined in a thermodynamic equilibrium state of the alloy while the thin films studied here were deposited in a metastable situation, which is far from the thermal equilibrium state. In light of this, the solubility characteristics of Ga in Ge, depending on the thin film processing techniques, could be higher in thin films than those in bulk. [53] [54] [55] For example, a single phase homogeneous amorphous GaGe thin film with a Ga composition of 5 at% has been prepared by Nath et al. 53 employing physical vapor deposition.
We have mentioned above that in comparison to the migration of Ga adatoms on Si substrates, the density-related characteristic energy of Ga-rich droplets on the surface of Gerich GaGe thin films is relative larger. This comparison clues us in that a pinning-depinning mechanism, 51, 52, 56 kinetically controlled by the incorporation and desorption reaction species at the liquid/solid interfaces, dominates the surficial migration of the Ga-rich droplets. In this regard, the growth temperature also plays an important role in the Ga-rich droplet migration via tuning the desorption rate of atoms at the liquid/solid interface during film growth, which is similar to droplet-induced drilling/etching in the conventional DETC technique. [11] [12] [13] [14] [15] [16] Fig. 3(a) and (b) present the top-view SEM images recorded from the GaGe thin film samples grown at T G = 550 and 600°C, respectively. The migration and coalescence traces of the surface droplets are clearly seen on the surface of the GaGe thin film grown at T G = 550°C, some of which have been indicated by the arrows in Fig. 3(a) while many others have been smeared or covered due to the steadystate growth of Ge-rich GaGe. Elemental analyses by EDX using linear scans across the dot and dot-in-hole structures as indicated in Fig. 3 (a) and (b) are presented in Fig. 3(d) and (e), respectively. Likewise, a typical SEM image and elemental distributions recorded from the GaGe thin film grown at 600°C but followed by an additional sonication process in deionized (DI) water at 80°C for 30 minutes are presented in Fig. 3(c) and (f), respectively. The SEM images and elemental analyses in Fig. 3 provide clear-cut evidence that the dots are Ga-rich and the flat films are Ge-rich GaGe. The Ga-rich dots have a low melting point, at least lower than 80°C, and are thus feasibly removed by post-growth sonication in hot water [see the SEM comparisons in Fig. 3(b) and (c) and the optical microscopic comparisons in ESI † Fig. S1(a) and (b) for details]. These results, together with the feature evolution as a function of growth temperatures observed by AFM, suggest that (i) at the initial growth stage, the migration velocity of the Ga-rich droplets increases with growth temperature, (ii) as the growth continues at a certain temperature, the droplets grow in size (partly via droplet coalescence) and tend to lose their mobility, and (iii) the onset of decomposition of Ge-rich GaGe occurs at the liquid/solid interface of the droplets and once they stopped running on the surface, the decomposition rate increases with growth temperature at this stage. Newly generated droplets at this stage are feasibly captured by the bigger ones before they are grown bigger because of their increased mobility at higher temperatures. The decomposition of Gerich GaGe at the droplet boundaries dissolves Ge into the droplet while the Ga atoms tend to be wicked away from the droplet by capillary actions, 57 which further react with absorbed Ge species from the vapor to form the ring-like Gerich GaGe walls around the droplets (see Fig. 2 ). At higher growth temperatures, e.g., ≥600°C, the increased decomposition at the base boundaries of the droplets and the wicking out of Ga atoms tend to lower the base of the droplets and give rise to the dot-in-hole structures [see Fig. 1(b) , 2(c), (f), (g) and 3(b) ]. This progress, together with the ever increasing desorption rates of Ga atoms from the Ga-rich droplets with temperature under the chosen growth conditions, eventually leads to complete evaporation of the droplets from the holes [see Fig. 1 
(c), 2(a) and (d)].
Micro-Raman mappings have further been carried out for the GaGe thin films addressing the effects of the Ga-rich dot structures. The mappings are targeted at the Ge-Ge lattice vibrational mode at about 290 cm −1 ; the typical Raman spectra are shown in ESI † Fig. S2(b) . Presented in Fig. 4(a) and (c) are the peak intensity mappings for the GaGe thin films grown at 550 and 600°C, respectively. For comparison, the peak intensity mapping of the film grown at 600°C but followed by an additional ultrasonication process in hot DI water is presented in Fig. 4(e) . Likewise, their frequency mappings are shown in Fig. 4(b) , (d), and (f). The scale bars are 4.0 μm. The Raman mappings in Fig. 4(a) and (c) clearly show that the presence of the Ga-rich dots significantly weakened the Raman scattering intensities of the Ge-Ge mode for both the dot and the dot-in-hole structures. The Raman signals from the base boundaries of the dot structures are also weakened as compared with those from the flat film areas [see Fig. 4(a) ]. The weakening in Raman scattering at the dot areas can be simply due to blockage of the laser beam by the Ga-rich dots from the Ge-rich GaGe underneath. The still detectable Raman signals from the dot areas (see ESI † Fig. S5 ) could be either due to incomplete blockage of the laser beam, because the beam size of ∼900 nm is quite close to the size of the dots, or due to precipitates and/or nucleation of Gerich GaGe at the base boundaries of the Ga-rich dots because of the wicked Ga. The latter case is quite possible since segregation of Ge atoms from Ga droplets to recrystallize at the base boundary (i.e., the triple line) of the Ga droplets has already been observed in earlier studies. 58 In contrast to Raman scattering weakening at the dot areas, the Raman signals from the ring-like walls of the dotin-hole structures are apparently enhanced as compared with those from the flat film areas [see Fig. 4(c) ]. The most interesting observation was made after the removal of the Ga-rich dots from the holes, where the Raman signals are remarkably enhanced [see Fig. 4(e) ]. The frequency mapping in Fig. 4(b) does not show any apparent contrast between the dot and flat areas; however, frequency contrasts are clearly seen in Fig. 4(d) and (f) . A combination of Fig. 4(c) -(f) reveals that those areas with enhanced Raman intensity exhibit lower Raman frequencies (i.e., mode softening) and vice versa. Comparisons of typical Raman spectra from the dot/hole, boundary/wall, and flat areas are shown in ESI † Fig. S5 . The correlation between the ERS and the mode softening clearly indicates that the Raman scattering enhancement at the walls of the dot-in-hole structures and the center of the empty holes is associated with both the GaGe materials and the local structures. To understand the ERS mechanism of the dot-in-hole and the hole structures, we have further carried out FDTD simulations.
For the FDTD simulations, because the optical parameters of Ge-rich and Ga-rich GaGe are not available, the refractive indices of Ge (4.90 + i2.40) and Ga (1.27 + i6.54) at the wavelength of 532 nm were, instead, used for the film and the dot, respectively. 59, 60 A light source with a normal incident plane wave at the wavelength of 532 nm, i.e., the same as that for the Raman scattering measurements, was set in front of the structures [see the schematic diagrams in ESI † Fig. S6 (a) and (b)]. The magnitude of the plane wave was set to unity and the polarization was set in the horizontal direction, i.e., the X-axis. for p-type Ge at room temperature. 62 These results indicate that the GaGe thin films still exhibit the typical doping behavior of p-type Ge at very high doping levels. On the other hand, the sheet resistance of the as-grown GaGe thin films is about 7-20 Ω sq −1 , which is in the range of conductors such as ITO and much smaller than those of Ge reported in the literature. 63 A comparison between the carrier concentration and the Ga composition (5.2 at%) of the GaGe thin film shows that about 0.64% of Ge lattice sites were occupied by Ga atoms that gave rise to the p-type doping; the remaining Ga atoms thus most likely occupy the interstitial and/or splitting complex positions in the GaGe thin film. It has to be noted that the presence of the Ga-rich dots on the film surface does not contribute any detectable electrical conductivity as verified by the unchanged transport properties measured through the Hall effect after removing the surface Ga-rich dots. This confirms that the individual dots are well separated by their surrounding GaGe alloys. The Ga-rich dots on the surface of p-type GaGe or Ge thin films could have potential applications in bonding for the integration of Ge and GaAs so as to avoid the atomic diffusion at the interface during the monolithic growth at elevated temperatures. The surface dots and dot-in-holes can also be converted into Ge-doped GaAs quantum dots or quantum rings via a heating process in an arsenic environment. Moreover, the p-type GaGe thin films can be further optimized for fabricating next generation Ge-based devices.
Conclusion
In conclusion, we have epitaxially synthesized Ge-rich GaGe thin films on GaAs (100) substrates by MOCVD with the Ga composition as high as 5.2-5.8 at%. At this composition range, the onset of Ga segregation occurs, leading to a phase separation between Ga-rich and Ge-rich GaGe on the growing surface. The Ga-rich GaGe is in a liquid phase, clustering into droplets that tend to migrate and coalesce on the surface, while the Ge-rich GaGe is in a solid phase that contributes to the film growth. The ever increasing size of the Ga-rich droplets along with the growth, due partly to droplet coalescence, slows down the mobility of the droplets and eventually stops their migration. The Arrhenius relationship of the growthtemperature-dependence of the droplet density yields a characteristic energy of 2.85 eV, which is much larger than the activation energy for the incorporation of Ga atoms into the GaGe thin film (87 meV) but quite close to that for Ga evaporation from the elemental source (2.9 eV). These comparisons provide evidence that the Ga incorporation is via directly alloying from the Ga-rich liquid and the droplet migration occurs through a pinning-unpinning mechanism on the film surface. Once the droplets stop migrating, the onset of GaGe decomposition occurs at the interface between the droplet and the Ge-rich GaGe film. The decomposition dissolves Ge into the droplet while the Ga atoms tend to be wicked away from the droplets; they further react with absorbed Ge species, forming the ring-like Ge-rich GaGe walls around the droplets; meanwhile, the base of the droplets is lowered, giving rise to the dot-in-hole structures. This progress is accelerated at higher temperatures, which, together with an increased Ga desorption rate from the droplets at higher temperatures, eventually leads to complete evaporation of the droplets from the holes. Micro-Raman mappings revealed an apparent Raman scattering enhancement in the holes and at the walls of the dot-in-hole structures. By carrying out threedimensional finite-differential time-domain simulations, we have attributed this Raman scattering enhancement to a constructive interference between the incident and reflected waves on the surface of the Ge-rich GaGe thin films and thus a strong electrical field localized in the hole structures. The GaGe thin films exhibit highly doped p-type semiconductor characteristics that can be further optimized for next generation Ge-based devices.
